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TEMPERATURE-MODULATED
FLUORESCENCE TOMOGRAPHY

STATEMENT REGARDING FEDERALLY
SPONSORED R&D

The invention was made with government support under
grants CA120175 and EBO08716 from the National Institutes
of' Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Aspects disclosed herein relate to fluorescence based
reporter imaging, and more particularly to the use of tempera-
ture modulation in a scattering medium with high intensity
focused ultrasound or any other form of radiation to modulate
the optical signal emitted by temperature-sensitive optical
reporters.

2. Description of the Related Art

High scattering in biological tissues does not permit optical
imaging of fluorescence in thick tissue with high resolution.
As one of the optical imaging techniques, fluorescence
tomography (FT) utilizes laser light to excite the fluorescence
sources located deep in a medium. Once excited, these
sources relax to their ground state in nanoseconds by emitting
lower energy photons. While propagating towards the surface
of the medium, these photons are subject to a vast amount of
scattering events along the way. This makes the FT inverse
problem exceptionally difficult, and the FT inverse problem is
defined as the problem of recovering the fluorescence source
distribution from the measured light intensities on the tissue
surface. Accordingly, the resolution and quantitative accu-
racy of the reconstructed images are very low?.

In the past, there has been extensive effort to improve the
resolution of fluorescence tomography (FT). One approach is
to integrate F'T with other anatomic imaging modalities such
as x-ray, MRI and ultrasound'!-'. However, the weakness of
this approach is that it does not perform well if the fluorescent
target cannot be localized in the anatomical image. The low
modulation efficiency and extremely low signal to noise ratio
make the implementation of ultrasound modulation of fluo-
rescence signals difficult>*.

Meanwhile, an intriguing combination of optical and ultra-
sound techniques has led to the development of photo-acous-
tic tomography (PAT) that can provide the optical absorption
maps with much higher resolution (~1 mm) and a depth
penetration of three to five centimeters''”-'®. PAT has been
successfully applied to recover spatially resolved tissue
intrinsic contrast maps with very high resolution. Although it
can also provide distribution of exogenous contrast agents
using multiple-wavelength measurements, PAT is inherently
sensitive to absorption and detects differential increase in
absorption due to molecular probes compared to background
absorption'®-2!,

One proposed solution to this problem is to induce periodic
displacement of scattering particles and variation of the
refractive index in the medium using a focused ultrasound
field. Using this approach and scanning the focused ultra-
sound field over the probed medium, ultrasound modulated
fluorescence tomography (UMFT) can enhance the resolu-
tion***. However, only a small fraction of the photons that
travels through the focused ultrasound column can be modu-
lated at a time. The low modulation efficiency and extremely
low signal to noise ratio (SNR) are the two main factors that
make its implementation difficult.
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Another proposed solution is to use micro-bubbles surface-
loaded with self quenching fluorophores to enhance the con-
trast of UMFT>S. However, some disadvantages of such
microbubbles are their instability, low circulation residence
times, low binding efficiency to the area of interest especially
in the fast-flow conditions and possible side effects of their
destruction during the imaging session”®.

SUMMARY OF THE INVENTION

A temperature-modulated fluorescence tomography imag-
ing system is disclosed. The imaging system comprises: an
excitation light source configured to generate excitation light;
an optical reporter configured to absorb excitation light and
emit an optical signal; a temperature-modulating energy
source configured to modulate the temperature of the optical
reporter; and a detector configured to detect the optical signal
after temperature modulation of the optical reporter. In some
embodiments, the excitation light source is selected from a
laser, a light emitting diode, and a UV light.

The optical reporter may comprise a temperature-sensitive
fluorescence contrast agent. The temperature-sensitive fluo-
rescence contrast agent may comprise ICG loaded nanocap-
sules.

The temperature-modulating energy source may be con-
figured to deliver high intensity focused ultrasound energy to
the optical reporter. In other embodiments, the temperature-
modulating energy source may be configured to deliver
microwave energy to the optical reporter. In other embodi-
ments, the temperature-modulating energy source may be
configured to deliver radio frequency energy to the optical
reporter. In other embodiments, the temperature-modulating
energy source may be configured to deliver near-infrared
energy to the optical reporter.

A temperature-modulated fluorescence tomography imag-
ing method is disclosed in other embodiments. The imaging
method comprises: administering an optical reporter to a site
for imaging, wherein the optical reporter is configured to
absorb excitation light and emit an optical signal; irradiating
the site with excitation light; delivering sufficient tempera-
ture-modulating energy to the site to modulate the tempera-
ture of the optical reporter; and detecting the optical signal
emitted by the optical reporter.

In some embodiments of the imaging system and method,
the optical reporter may comprise a temperature-sensitive
fluorescence contrast agent. The temperature-sensitive fluo-
rescence contrast agent may comprise ICG loaded nanocap-
sules.

In some embodiments, the temperature-modulating energy
is high intensity focused ultrasound energy. In other embodi-
ments, the temperature-modulating energy is microwave
energy. In other embodiments, the temperature-modulating
energy is radio frequency energy. In other embodiments, the
temperature-modulating energy is near-infrared energy.

In some embodiments, a fluorescence intensity and/or a
fluorescence lifetime of the optical signal is determined.

In some embodiments, the imaging method further com-
prises rendering a quantitatively accurate image using a
reconstruction algorithm.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of one embodiment of a
Temperature-Modulated Tomography (“TM-FT”) system. A
HIFU transducer is driven by a combination of a signal gen-
erator and an RF power amplifier. Using an xyz translational
stage, it is scanned over the probed medium that is simulta-
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neously irradiated with modulated laser light. The intensity
variations are detected using a photomultiplier tube and then
measured by a Network Analyzer.

FIG. 2 is a graph showing the temperature response of the
fluorescence contrast agent Pluronic ICG. The amplitude and
phase of the recorded signals are given in (a) and (b), respec-
tively. The temperature is measured using a fiber optical tem-
perature sensor.

FIG. 3(a) shows the experimental set-up of one embodi-
ment of the TM-FT system. The imaging system 10 com-
prises, for example, an excitation light source 11, optical
fibers 12 to transmit the excitation light to the probed medium
and detect fluorescence emission signal changes due to the
temperature variation, a temperature-modulating energy
source configured to modulate the temperature of the optical
reporter, for example high-intensity focused ultrasound 14, a
phantom containing the optical reporter 16, and a detector 18
configured to detect the optical signal after temperature
modulation of the optical reporter. FIG. 3(b) is a diagram of
the transducer zoom in view. During the HIFU scan, a local-
ized temperature increase on the focal spot (~1.5 mm size) is
generated. As a result, the measured fluorescence signal only
changes when the focal spot is on the fluorescence source.

FIG. 4 shows the results that uses one embodiment of the
TM-FT system to image a phantom. FIG. 4(a) is the true size
and position of the inclusion. FIG. 4(b) is the experimental
set-up used for both conventional and TM FT systems for this
specific experiment. FIG. 4(c) is the reconstructed fluores-
cence map using conventional fluorescence tomography. The
scanning area is represented by the dashed lines. FIG. 4(d)
shows the HIFU transducer being scanned through an 8
mmx8 mm area while the fluorescence measurements are
taken. FIG. 4(e) shows the reconstructed fluorescence map
using temperature modulated fluorescence tomography. As
seen from the figure, TM-FT provides superior resolution and
quantitative accuracy. FIG. 4(f) shows a comparison of the
experimentally measured fluorescence intensity change and
those predicted by the theoretical model. The theoretical pre-
diction is shown in blue circle lines, while the experimental
data is plotted in red triangle lines. FIG. 4(g) shows the
normalized profiles plot across the fluorescence source shows
that the size of the fluorescence source is accurately recovered
as well as the agent concentration.

FIG. 5(a) shows fluorescence image of a temperature-sen-
sitive contrast agent injected into a rat bearing R3220 AC
breast cancer tumor model. FIG. 5(4) shows temperature-
sensitive contrast agents accumulated in the tumor very
quickly (~1 min) and rapidly cleared out by liver. FIG. 5(c)
shows when the animal is heated using an infrared heated
lamp, the measured signal increased with the temperature.
This particular temperature-sensitive contrast agent was opti-
mized for a 25-28° C. range. Other versions of agents can be
optimized for higher temperatures, e.g., a 30-35° C. range.

DETAILED DESCRIPTION

This disclosure relates generally to systems and methods
for imaging, and more particularly to temperature-modulated
fluorescence tomography (“TM-FT”). TM-FT involves using
an optical reporter that is administered to or deployed at a site
of interest for imaging. The optical reporter is configured to
absorb light energy and emit an optical (e.g., fluorescent)
signal. The intensity and/or lifetime of the optical signal are
temperature-dependent. In some embodiments, the optical
reporter includes a photoactive component, e.g., a fluoro-
phore, in association with a thermally responsive component,
e.g., polymeric nanoparticles or nanocapsules. In such
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embodiments, the fluorophore is configured to absorb exci-
tation light at one wavelength and emit light (or fluoresce) at
another wavelength, and the polymeric nanoparticles or
nanocapsules are configured to absorb energy and generate
heat—thereby modulating the temperature of the fluoro-
phore. The fluorophore may be encapsulated within a nano-
capsule or otherwise associated with nanoparticles. Besides
the aforementioned optical reporter, the disclosed tempera-
ture-modulated fluorescence tomography system and meth-
ods also include an excitation light source, for example, a
laser or light emitting diode, capable of irradiating the optical
reporters at the site of interest, thereby causing the optical
reporter to generate an emission light signal. The disclosed
temperature-modulated fluorescence tomography system and
methods also include an energy source, e.g., a high intensive
focused ultrasound transducer, configured to deliver suffi-
cient energy to modulate the temperature at the site—thereby
modulating the emission signal of the optical reporter.

Excitation light (or radiation) sources can include broad-
wavelength sources, such as ultraviolet and xenon arc lamps,
line sources such as lasers, and light emitting diodes. Laser
sources may include argon ion lasers, helium neon lasers,
Neodymium:Yttrium Aluminum Garnet solid-state lasers,
and diode lasers. The excitation light may be collimated or
filtered or directed with optical lenses, mirrors, galvanom-
eters, or moving-head scanners. Excitation light sources may
be selected to match the absorption spectrum of the optical
reporter.

The optical reporter may emit a fluorescence signal.

Polymeric nanoparticles or nanocapsules are useful tools
for applications in imaging. Polymeric hydrogel nanopar-
ticles with thermal responsiveness are particularly attractive
as imaging tools. Furthermore, the surface of the nanocap-
sules can be modified using ligands and/or other functional
moieties to achieve target specific and/or facilitated intracel-
Iular delivery of the nanocapsule contents. Nanocapsules can
be loaded with a variety of dyes, including, but not limited to,
for example, indocyanine green (ICG) and other cyanines
(such as, but not limited to, tricarbocyanines, pyrrolopyrrole
cyanines, benzo|c,d]indolium-derived cyanines, functional
cyanines, hydrocyanines, and iodoacetamide-functionalized
cyanines), porphyrins, phthalocyanines, squaraine, boron-
dipyrromethane analogs, benzo[clheterocycles, fluorophores
(such as, but not limited to fluorescein and Cy3 fluoro-
chrome), xanthenes, and IR800.

The temperature-modulating energy source configured to
modulate the temperature of the optical reporter can include
one or more energy characteristic, for example, one or more
of a waveform, frequency, amplitude, or duration. The tem-
perature modulator configured to modulate the temperature
of the optical reporters includes one or more of ultrasonic
energy (e.g., HIFU), acoustic energy, or any other form of
electromagnetic energy, microwave energy, radio frequency,
near-infrared energy, or thermal energy.

A variety of detectors can be used to detect the emission
energy from the optical reporters for this invention. Detector
configurations may include lenses, mirrors, and filters. Detec-
tors may also include amplifiers of the signal. Emission signal
detection may employ a photodiode detector or array of pho-
todiode detectors, photomultiplier tube(s) or a charge-
coupled device, any of which convert light energy into elec-
trical current or voltage. Other detectors may include
Avalanche Photodiode or hybrid Avalanche Photodiode &
solid-state photo multiplier tubes.

In one embodiment, TM-FT may utilize focused ultra-
sound to heat the medium, typically only a couple of degrees
Celsius, but with a high degree of spatial resolution. One
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element of this TM-FT embodiment is the recently emerged
temperature-sensitive fluorescence contrast agents such as
but not limited to ICG loaded pluronic nanocapsules, which
may be used in accordance with aspects of TM-FT. For
example, Yongping et. al. and Kim et. al. both demonstrated
similar nanocapsules earlier in 2010°'°. The quantum effi-
ciency of these nanocapsules is shown to be sensitive to
temperature. For example, when heated from 22 to 40° C., the
fluorescence light intensity emitted by these nanocapsules
increases two-to four-fold, and was shown to be reversible.
Generally, any temperature sensitive fluorescence contrast
agent that works in any temperature range can be utilized with
this technique. This TM-FT technique leverages the tempera-
ture dependence of such contrast agents to overcome the
spatial resolution limitation of conventional FT by using tem-
perature modulation/tagging.

In certain embodiments of the TM-FT technique, the
medium is irradiated by both excitation light and a high
intensity focused ultrasound (HIFU) wave. The HIFU beam is
scanned over the site in either step-and-shoot or continuous-
scan mode. The crucial benefit of HIFU is that the tempera-
ture of the medium is modulated with very high spatial reso-
Iution (~1.5 mm) due to the absorption of acoustic power in
the ultrasound focal zone. Local temperature increases may
affect the fluorescence intensity, quantum efficiency and fluo-
rescence lifetime of the sensitive fluorescence agents present
within the HIFU focal zone. As a result, the emitted fluores-
cence light intensity and the lifetime of the fluorescence may
both exhibit a substantial change. The difference in the
detected fluorescence signal following the HIFU temperature
modulation can render the position of these nanocapsules
with high spatial resolution. Furthermore, this can be
achieved without using a complex reconstruction algorithm
as in the case for conventional FT.

To illustrate one embodiment of the TM-FT process for
high resolution fluorescence tomography, the light propaga-
tion and heat transfer is modeled using a finite element
method framework. With diffusion approximation as the light
propagation model in turbid medium, the TM-FT process
may be formulated with the following equations. Eq. 1 and
Eq. 2 describe conditions before and after the application of
the HIFU beam to obtain selective localized heating in the
medium, respectively:

VDV, )19, N (T )7 (1); and

~V-(DVG " H1 " =O(T)O(X - ¥ YU, A7, 1sisN

with the diffusion coefficient D,
the absorption coefficient p ,
the photon density at excitation (¢™),
emission wavelength (¢™), and
fluorescence absorption coefficient .
Assuming that the scanning area consists of discrete loca-

).

tions [?i, i=N]. The ideal focused heating at ?i corresponds
to a delta function in Eq. 2, which can be approximated by a
compactly supported and fast decaying function in practice.
Let d=¢™,—¢™, and c=n(T,)-n(T,), we have:

-V DV, i =ed(3 =7 Yo )¢ Lsi=sN ©
The difference measurement d,, only has values when the

scanning step ?i is nonzero for p.af(yl.). Therefore, when the
HIFU scans over the probed medium, the TM-FT could pro-
duce high resolution fluorescence images even without any
reconstruction process. As a simpler alternative approach,
TM-FT raw images can be used as priori information to guide
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and constrain conventional FT reconstruction algorithm to
obtain quantitatively accurate fluorescence images.

WORKING EXAMPLES

Experimental studies were carried out to demonstrate that
the TM-FT could penetrate several centimeters thick scatter-
ing tissue, yet still at ultrasound resolution (sub-millimeter).
The schematic diagram of the system is shown in FIG. 1. A
785 nm laser diode (80 mW, Thorlabs, Newton, N.J.) was
used for fluorescence excitation. This laser wavelength was
chosen due to high absorption of ICG, the fluorescence con-
trast agent used in this particular nanocapsule. Any wave-
length can be used depending on the absorption spectrum of
the particular fluorescent agent used in the nanocapsule.
Near-infrared (NIR) wavelength range (600-1100 nm) would
be especially suitable for in vivo imaging due to low absorp-
tion of tissue in this range. A network analyzer (Agilent
Technologies, Palo Alto, Calif.) not only provided the RF
modulation for the laser-diode but also measured the ampli-
tude of the detected signal at the same time. A photomultiplier
tube (PMT) (R7400U-20 Hamamatsu, Japan) was used to
detect fluorescence signal due to its high sensitivity. A 65 dB
RF amplifier was used to amplify the output signal of the
PMT. To effectively eliminate the excitation light, two cas-
caded band-pass filters (830 nm, MK Photonics, Albuquer-
que, N. Mex.) were used on the detection site. A collimation
system based on two aspherical lenses (Newport Corporation,
Calif.) was designed to achieve maximum filtering efficiency.
The HIFU transducer (H102, Sonic Concepts, Inc. Wash.)
with a center frequency of 1.1 MHz was mounted on a xyz
translational stage and used to generate focused hot spot. The
lateral full width half maximum (FWHM) of the focal spot
was 1.33 mm. The transducer was driven by a sinusoidal
signal generated by a functional generator (PTS 500, Pro-
grammed Test Sources, Inc. Wash.) and amplified by a power
amplifier (200L, Amplifier Research, Inc. Pa.).

The experimental set up that was used is shown in FIG. 3,
10. A 4 cmx10 cmx10 cm slab gel phantom made from
agarose was immersed in a water/intralipid tank 16. The
HIFU transducer 14 was mounted on an xyz translational
stage and placed on top of the phantom. The transducer was
scanned laterally in both x and y directions. Optical fibers 12
were used to transmit the excitation light from the excitation
light source 11 to the probed medium and detect fluorescence
emission signal changes due to the temperature variation. The
measurement at each scan position was averaged four times,
which yields two seconds acquisition time for each point. In
order to know the point spread function (PSF) of the tempera-
ture profile generated by the HIFU, an fiber-optic temperature
sensor was inserted in an agarose phantom and the tempera-
ture change was recorded when the HIFU was scanned
through a 5 mmx5 mm area with 0.5 mm steps in step-and-
shoot mode. Computer controlled translation stages were
used to scan HIFU transducer in X, y, and z directions. This
PSF can be used to improve the resolution of the TM-FT
images further using deconvolution approach. If fast scanning
time is required, however, HIFU can be continuously scanned
over the area while the HIFU power was applied in continu-
ous-wave or pulsed mode. For 3D measurements two HIFU
transducers working in orthogonal directions can be used.
The temperature response of the fluorescence contrast agents
called “ThermoDots” is shown in FIG. 2. As shown, both
amplitude and phase of the measured signal changes indicat-
ing a change in both quantum efficiency and lifetime of the
fluorescence agent. The profile across the sensor tip shows the
temperature increase as a function of x-position of the HIFU
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scan step. The FWHM of the heating spot size was 1.8 mm
that corresponds to point spread function of the system, which
in turn becomes the spatial resolution limitation for this set-
up.

A 3 mm fluorescence inclusion filled with Pluronic-ICG
(Innosense Inc) was embedded in the middle of the phantom.
Intralipid (0.5%) and Indian Ink are added as scatterer and
absorber, making the scatter and absorption coefficient of the
phantom 0.005 mm™" and 0.6 mm™", respectively. The actual
size, position and concentration of the inclusion are shown in
FIG. 4(a). First conventional FT measurements are acquired.
FIG. 4(b) is the experimental set-up used for both conven-
tional and TM FT systems for this specific experiment. FIG.
4(c) shows the conventional FT reconstruction. A region of
interest is determined from this image (ROI,,) and then the
HIFU is scanned through it (8§ mmx8 mm area) with 0.5 mm
steps, FIG. 4(¢). For each step, the HIFU power is turned on
for two seconds, and the resulting temperature in the inclu-
sion is kept below 40° C. The fluorescence signal variation is
mapped to each scanning position and significant change is
observed only when the HIFU hot spot is scanned through the
fluorescence object (F1G. 4(d)), resulting in a much improved
spatial resolution. FIG. 4(e) shows the reconstructed fluores-
cence map using temperature modulated fluorescence tomog-
raphy. As seen from the figure, TM-FT provides superior
resolution and quantitative accuracy. The comparison of the
experimentally measured fluorescence intensity change and
those predicted by the theoretical model is shown in FIG. 4(f).
Excellent agreement between the theory and experiment was
obtained for this case. There was some deviation observed,
which is likely attributed to the contribution of residual heat-
ing from the previous scanning step. The profiles plot across
the fluorescence source for the true object and the object
recovered from the TM-FT is shown in FIG. 4(g). The
FWHM of the recovered object size from the TM-FT is 3.2
mm, which is close to 3.0 mm true object size.

A temperature-sensitive contrast agent was tail-vein
injected into a rat bearing R3220 AC breast cancer tumor
model, with the fluorescent image shown in FIG. 5(a). The
temperature-sensitive contrast agents accumulated in the
tumor very quickly (~1 min) and rapidly cleared out by liver,
FIG. 5(4). When the animal is heated using an infrared heated
lamp, the measured signal increased with the temperature as
shown in FIG. 5(c¢). This particular temperature-sensitive
contrast agent was optimized for a 25-28° C. range. Other
versions of agents can be optimized for higher temperatures,
e.g., a30-35° C. range.

The TM-FT system and method is particularly sensitive to
fluorescence contrast and therefore likely more sensitive than
photo-acoustic tomography (PAT). Besides obtaining fluo-
rescence images at focused ultrasound resolution, the TM-FT
can also render quantitatively accurate images using a proper
reconstruction algorithm. This can either simple be done by
guiding conventional FT reconstruction using TM-FT raw
images as structural priori, or using a dedicated reconstruc-
tion algorithm described above [0029]. Finally, the technique
described in this application is suitable for any temperature-
sensitive agent that works in fluorescence mode and compat-
ible to any other form of radiation that modulates the tem-
perature of the medium.
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What is claimed is:

1. An imaging system, comprising:

an excitation light source configured to generate excitation
light;

an optical reporter and an associated nanoparticle or nano-
capsule, the optical reporter configured to absorb exci-
tation light and emit an optical signal;

atemperature-modulating energy source different from the
excitation light source, the temperature-modulating
energy source configured to provide temperature-modu-
lating energy to the nanoparticle or nanocapsule,
wherein the nanoparticle or nanocapsule is configured to
absorb the temperature-modulating energy and generate
heat to modulate the temperature of the nanoparticle or
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nanocapsule associated optical reporter, thereby modu-
lating the intensity and/or lifetime of the optical signal;
and

a detector configured to detect the optical signal after tem-

perature modulation of the nanoparticle or nanocapsule
associated optical reporter.

2. The imaging system of claim 1, wherein the excitation
light source is selected from a laser, a light emitting diode, and
a UV light.

3. The imaging system of claim 1, wherein the nanoparticle
or nanocapsule associated optical reporter comprises a tem-
perature-sensitive fluorescence contrast agent.

4. The imaging system of claim 3, wherein the tempera-
ture-sensitive fluorescence contrast agent comprises ICG
associated with the nanoparticle or nanocapsule.

5. The imaging system of claim 1, wherein the tempera-
ture-modulating energy source is configured to deliver high
intensity focused ultrasound energy to the nanoparticle or
nanocapsule associated optical reporter.

6. The imaging system of claim 1, wherein the tempera-
ture-modulating energy source is configured to deliver micro-
wave energy to the nanoparticle or nanocapsule associated
optical reporter.

7. The imaging system of claim 1, wherein the tempera-
ture-modulating energy source is configured to deliver radio
frequency energy to the nanoparticle or nanocapsule associ-
ated optical reporter.

8. The imaging system of claim 1, wherein the tempera-
ture-modulating energy source is configured to deliver near-
infrared energy to the nanoparticle or nanocapsule associated
optical reporter.

9. The imaging system of claim 1, wherein the excitation
light source and temperature-modulating energy source are
located in different locations.

10. A temperature-modulated tomography method, com-
prising:

administering an optical reporter and an associated nano-

particle or nanocapsule to a site for imaging, wherein the
nanoparticle or nanocapsule associated optical reporter
is configured to absorb excitation light and emit an opti-
cal signal;

irradiating the site with excitation light from a first energy

source;
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delivering sufficient temperature-modulating energy to the
site so that the nanoparticle or nanocapsule absorbs the
temperature-modulating energy and produces heat to
modulate the temperature of the nanoparticle or nano-
capsule associated optical reporter, the temperature-
modulating from a second energy source different from
the first energy source, thereby modulating the intensity
and/or lifetime of the optical signal; and

detecting the optical signal emitted by the nanoparticle or

nanocapsule associated optical reporter.

11. The temperature-modulated tomography method of
claim 10, wherein the nanoparticle or nanocapsule associated
optical reporter comprises a temperature-sensitive fluores-
cence contrast agent.

12. The temperature-modulated tomography method of
claim 11, wherein the temperature-sensitive fluorescence
contrast agent comprises ICG associated with the nanopar-
ticle or nanocapsule.

13. The temperature-modulated tomography method of
claim 10, wherein the temperature-modulating energy is high
intensity focused ultrasound energy.

14. The temperature-modulated tomography method of
claim 10, wherein the temperature-modulating energy is
microwave energy.

15. The temperature-modulated tomography method of
claim 10, wherein the temperature-modulating energy is
radio frequency energy.

16. The temperature-modulated tomography method of
claim 10, wherein the temperature-modulating energy is
near-infrared energy.

17. The temperature-modulated tomography method of
claim 11, wherein a fluorescence intensity and/or a fluores-
cence lifetime of the optical signal is determined.

18. The temperature-modulated tomography method of
claim 10, further comprising rendering a quantitatively accu-
rate image using a reconstruction algorithm.

19. The imaging system of claim 1, wherein modulating the
intensity and/or lifetime of the optical signal of the nanopar-
ticle or nanocapsule associated optical reporter is reversible.

20. The temperature-modulated tomography method of
claim 10, wherein modulating the intensity and/or lifetime of
the optical signal of the nanoparticle or nanocapsule associ-
ated optical reporter is reversible.
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